Introduction
Streptococcus pneumoniae is a common inhabitant of human nasopharynx, where its presence is normally asymptomatic in healthy adults due to elimination of the bacteria by the immune system [1] . Contamination of the downstream parts of the respiratory tract, which are normally sterile, causes an immediate and severe inflammatory response [2] . Further bacterial migration through the respiratory epithelium and invasion into other host tissues can cause otitis media, sinusitis, and severe life-threatening conditions -meningitis and sepsis [3] . The key phase in S. pneumoniae colonization is the formation of organized biofilms on the surface of human respiratory epithelium [4] . Neuraminidase A (NanA) of S. pneumoniae is a key virulence factor that facilitates colonization by cleaving terminal sialic acid residues from oligosaccharide receptors of the host epithelial cells. NanA's activity exposes the receptors for further pneumococcal adherence and decreases viscosity of the mucin layer. Sialic acid, the product of the neuraminidase's activity, is consumed by the bacteria as a nutrition source and serves as a chemical signal for the biofilm formation. In addition, S. pneumoniae desialylates the surfaces of bacteria competing within the same niche [4] [5] [6] [7] [8] [9] .
The genomes of S. pneumoniae strains encode up to three homologous neuraminidases -NanA, NanB, and NanC -which are characterized by significant differences in the amino acid sequences, substrate preferences, and types of the catalyzed reaction [10] . The particular roles of the three enzymes remain poorly Abbreviations APBS, Adaptive Poisson-Boltzmann Solver; CAZy, Carbohydrate-Active Enzymes classification; GPU, graphics processing unit; NanA, NanB, and NanC, Neuraminidases A, B, and C from Streptococcus pneumoniae; RMSD, root-mean-square deviation.
understood, but NanA is widely considered to play a key role in pathogenesis. A dramatic decrease of pathogenicity in animal models was demonstrated by experiments with NanA-deficient bacteria [11, 12] . Presence of NanA was shown in 100% of the pneumococcal strains, while NanB and NanC are present in 96% and 51% of all strains [13] . NanA possesses much higher enzymatic activity compared with NanB and NanC, and its expression level is significantly higher compared with NanB [10, 12, 14] .
NanA, NanB, and NanC contain the N-terminal lectin domain followed by the catalytic domain in a single polypeptide chain [15, 16] . The b-sandwich lectin domain (also known as carbohydrate-binding module) recognizes terminal sialic acid moiety of natural substrates. The presence of a lectin domain in bacterial neuraminidases/sialidases remarkably increases their catalytic efficiency toward selected natural substrates [17] . Moreover, the lectin domain in NanA was shown to play a crucial role in the penetration of pneumococci through the blood-brain barrier and development of meningitis [18, 19] . The catalytic domain has the six-bladed b-propeller fold and contains amino acid residues crucial for chemical conversion of the substrate. The catalytic domain has an insertion between the second and third strands of the second sheet of the b-propeller which is sometimes referred to as the insertion domain [20, 21] . All three S. pneumoniae neuraminidases are secreted into the extracellular space, but only in NanA's structure the catalytic domain is followed by an additional C-terminal domain with the LPXTG-motif which anchors the enzyme to a bacterial cell wall [22] . Both the lectin and catalytic domains are considered as antimicrobial targets crucial for the microorganism's virulence. Attempts to obtain the full-size structure of NanA so far have been unsuccessful because the protein failed to crystallize. X-Ray structures of individual domains -the catalytic domain (including the insertion domain) [16, 21, 23] and the lectin domain [24, 25] -were obtained by implementing limited trypsinolysis or by expressing individual domains using genetic constructs. Mutual orientation of the two domains relative to each other in the NanA's structure is unknown, and their interaction has not been studied.
In this work, the methods of bioinformatics, homology-based structure prediction, protein-protein docking, and GPU-accelerated molecular dynamics have been implemented to study structural organization of bacterial neuraminidases. It has been shown that a single polypeptide chain of NanA containing the catalytic domain and the lectin domain, in contrast to NanB and NanC, does not form a rigid globule. The enzyme has both domains spatially separated by a flexible interdomain linker which is a characteristic of proteins that require conformational flexibility for their functioning. The biological role of this structural adaptation in NanA is discussed.
Results
NanA, NanB, and NanC from Streptococcus pneumoniae have a similar structural organization of individual lectin domains and catalytic domains assigned to CBM40 and GH33 families of the CAZy classification [26] (Fig. 1A ,B and C; Table 1 ). However, in NanA's structure, the two domains are separated by a linker sequence, while in NanB and NanC, the polypeptide chains of the lectin and catalytic domains are directly connected to each other. Molecular modeling has revealed a significant difference in interactions between the lectin domain and the catalytic domain (including the insertion domain) in the homologous S. pneumoniae sialidases. In NanB and NanC, the two substructures form rigid globules stabilized by multiple interdomain interactions, whereas in NanA, they stay apart spatially separated by a 16 amino acids long flexible linker.
Molecular modeling of NanB's and NanC's structures
The interaction between domains in NanB and NanC was studied using the molecular modeling. Long-term molecular dynamics simulations for 500 ns at 300 K did not reveal any significant structural changes as the domains were staying well packed into rigid globules throughout the trajectories (Fig. 2) . The interdomain contacts in both enzymes represented a dense network of stabilizing interactions (Figs 3 and 4) . Six hydrogen bonds and three salt bridges were formed between 16 amino acid residues assigned to the lectin and catalytic domains in NanB: Asp108, Arg129, Trp134, Gly135, Lys136, His137, Lys138, Glu169, Arg310, Asp643, Ile644, Asp645, Ser648, Ser682, Gln686, Asp694. Similarly, seven hydrogen bonds and three salt bridges were formed between 18 amino acid residues assigned to the lectin and catalytic domains in NanC: Asp152, Arg173, Gly179, Lys180, Tyr181, Lys182, Lys213, Val272, Thr273, His275, Leu276, Glu356, Asp685, Asp687, Asn690, Lys724, Thr731, Asp736. The majority of these interactions were either conserved (e.g., the salt bridge between conserved residues Asp694/Asp736 and Lys138/Lys182) or equivalent (e.g., the salt bridge between the oppositely charged groups of Arg310/ Glu356 and Glu169/Lys213, or the hydrogen bond between the guanidine group of Arg129/Arg173 and main-chain atoms of Ser682/Lys724) in both enzymes. Electrostatic potential surface maps calculated using the APBS approach showed that the complementary regions of the contact surfaces between the lectin and catalytic domains in NanB and NanC on the periphery Table 1 . The homologous neuraminidases/sialidases which have catalytic and lectin domains similar to NanA's crystallized in one globule. Sequence and structural similarity between the lectin domain and the catalytic domain (including the insertion domain) of NanA and the respective domains in structures of homologous neuraminidases/sialidases. 'NanA SSE coverage' corresponds to the percentage of secondary structure equivalences between NanA and the homolog, i.e., the proportion of amino acids involved in secondary structure elements (SSE) of NanA which can be aligned to equivalent residues in the structure of the respective homolog. 'SeqID' corresponds to the pairwise sequence identity.
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Lectin tend to be oppositely charged and residues closer to the center tend to be hydrophobic (Fig. 5A,B) . The hydrophobic amino acid residues, located in the core of the interdomain interface, also contribute to the stability of the globular structures in addition to the above discussed role of the polar and charged residues.
Molecular modeling of NanA's structure All reported structures of sialidases which have a CBM40-like lectin domain co-crystallized with a GH33 catalytic domain were collected using the bioinformatic analysis ( Fig. 1 , Table 1 ). These homologous proteins maintain a stable orientation of domains packed into rigid globules, as evidenced by the long-term molecular dynamics simulations (Figs. 2 and 6), and therefore, were used as templates in molecular modeling to consider all possible orientations of the lectin domain on the surface of the catalytic domain (including the insertion domain) in NanA from Streptococcus pneumoniae. The overall structural organization and orientation of domains in trans-sialidase from M. decora was highly similar to S. pneumoniae NanB and NanC sialidases with the N-terminal lectin domain directly connected to the catalytic domain. Consequently, the homology models of NanA based on structures of NanB and NanC from S. pneumoniae, as well as on the structure of trans-sialidase from M. decora were equivalent (Fig. 7A ,B and C). The sialidases from T. rangeli, T. cruzi, and V. cholerae turned out to be . Hydrogen bonds and salt bridges between the lectin and catalytic domains in the structures of NanB and NanC from S. pneumoniae. Residue numbering is given according to the PDB files PDB: 2JKB and PDB: 4YW2, respectively. Domain color legend: lectin domain (blue), catalytic domain (green) with the insertion domain (wheat). The images were generated using PyMol.
more distant relatives of the bacterial NanA, NanB, and NanC and implement a significantly different structural organization. The GH33 catalytic domain of trypanosomal sialidases does not contain an insertion domain and is followed by a C-terminal lectin domain covalently attached by a linker (Fig. 1E,F) . The linker is 25 amino acid residues long and is partially folded into an a-helix in the respective crystallographic structures [27] . The CAZy classification is not available for the lectin domains of trypanosomal sialidases; however, the bioinformatic analysis revealed a significant structural similarity to the NanA's CBM40 domain Fig. 4 . Sequence representation of a multiple structural alignment of homologous NanA, NanB, and NanC from S. pneumoniae. Domain color legend: lectin domain (blue), interdomain linker in NanA (yellow), catalytic domain (green) with the insertion domain (wheat). The '*' signs mark columns with conserved catalytically important residues. Amino acids which form the contact surface between the lectin and catalytic domains in NanB and NanC are shown in bold black letters. The '+', 'B', and 'C' signs mark columns with residues that participate in formation of hydrogen bonds or salt bridges between the lectin and catalytic domains in NanB and NanC -in both proteins, only in NanB, only in NanC, respectively. The 'T' signs mark four potential Trypsin cleavage sites in the NanA's linker sequence as predicted by the PeptideCutter web-server with cleavage probabilities at these sites within 82%-100%.
( Table 1 ). The orientations of the C-terminal lectin domain in sialidases from T. rangeli and T. cruzi were taken as a prototype to model possible orientations of the N-terminal lectin domain on the surface of the catalytic domain in NanA as the length of NanA's linker was sufficient to covalently connect the two substructures ( Fig. 7D ,E). We have also considered a special case of the sialidase from V. cholerae that contains a central GH33 catalytic domain flanked by two CBM40-like lectin domains: one N-terminal and another as an insertion in the b-propeller of the catalytic domain (Fig. 1G ). Previous studies of this protein have shown that the N-terminal lectin domain can bind sialic acid, but did not reveal the role of the insertional lectin domain [28] . Although the two lectin domains in sialidase from V. cholerae are structurally similar, they share only 23% sequence identity and the key residues that interact with the ligand in the Nterminal lectin domain are, in the insertional lectin domain, either replaced by nonequivalent residues or shifted in space from the correct positions for ligand binding. Therefore, it seems unlikely that the insertional lectin domain in this protein can bind sialic acid [28] . Nevertheless we have tried to consider orientations of both lectin domains in sialidase from V. cholerae when modeling the NanA's structure, but only the attempt based on the orientation of the N-terminal lectin domain of sialidase from V. cholerae was successful (Fig. 7F ). When the orientation of the insertional lectin domain was taken as a template, the two substructures of NanA could not be connected by the NanA's linker, and this model was dismissed from further consideration. In a separate development, a protein-protein docking of a comprehensive set of structural conformers of the NanA's lectin and catalytic domains has been conducted (in total, the . The two domains were rotated 90°in opposite directions so that the contact surfaces can be viewed in one plane. The surface potential is colored from red (À2 kT) to blue (+ 2 kT). The images were generated using PyMol. The orientations of the lectin domain on the surface of the catalytic domain (including the insertion domain) of NanA from S. pneumoniae modeled according to the bioinformatic analysis of homologous neuraminidases/sialidases (i.e., the NanA's homology models before the MD simulations): (A) NanB from S. pneumoniae; (B) NanC from S. pneumoniae; (C) Trans-sialidase from M. decora; (D) Sialidase from T. rangeli; (E) Sialidase from T. cruzi; (F) Sialidase from V. cholerae (based on its N-terminal lectin domain). Domain color legend: lectin domain (blue), interdomain linker (yellow), catalytic domain (green) with the insertion domain (wheat). The images were generated using PyMol.
720 domain-domain complexes were constructed); however, we did not find any novel domain-domainbinding interface in NanA within a reach of the linker (see Modeling of the NanA's structure in Methods). Consequently, only the homology models of NanA were further investigated.
The interaction between domains in the homology models of NanA was studied using the molecular dynamics. There were no changes in structures of individual domains during the molecular dynamics simulation, as evidenced by flat RMSD curves (Fig. 8A,B) . The most significant changes were observed in the disposition of domains relative to each other: already within the first 20 ns the lectin domain started to move away from the catalytic domain and by the end of the trajectory the two substructures in all NanA's models stayed independent just connected by the interdomain linker loop (Fig. 8C) . The APBS electrostatic calculations also manifested insufficient electrostatic complementarity of the potential contacts between the lectin and catalytic domains in all NanA models (Fig. 9 ) in a contrast to the effective interdomain interactions observed in the homologous sialidases (Fig. 5) . Bioinformatic comparison of S. pneumoniae sialidases has further confirmed that residues, which form stabilizing interdomain interactions in NanB and NanC, are either substituted in NanA by amino acids with different physicochemical properties, or the corresponding regions have different structural organization (Fig. 4) . As a result, NanA has revealed a modular structure with the lectin domain spatially separated from the catalytic domain (including the insertion domain) and connected by a 16 amino acids long peptide linker. A model of the NanA's interdomain peptide linker was built in PyMol to estimate its linear length, and the distance between the outermost backbone atoms was found to reach up to 52 A. During the MD simulation, the two separated NanA's substructures freely drifted in the solvent and implemented different orientations due to the flexibility of the linker loop. Noteworthy, within the 150-ns period, the lectin domain can be observed first sailing off within the length of the linker (Fig. 10A) , then reversing its course and beginning to approach the catalytic domain so that both substrate-binding surfaces were located on the same face (Fig. 10B) , like in other multi-domain sialidases (Fig. 2) . The biological role of this structural adaptation of NanA as a key virulence enzyme is further discussed below.
Discussion
Homologous neuraminidases NanA, NanB, and NanC from Streptococcus pneumoniae belong to the Sialidase superfamily. Members of this superfamily from viruses and pathogenic bacteria are prominent key virulence factors and primary targets of intensive drug design studies [2, 3, 12, [29] [30] [31] [32] [33] . The bacterial NanA contains lectin and catalytic domains, both considered as crucial antimicrobial targets, in a single polypeptide chain. The complete crystallographic structure could facilitate search for effective inhibitors of NanA, however attempts to resolve it so far have not been successful. At the same time, the PDB records of NanB and NanC are available in which the catalytic and lectin domains are part of the globular enzyme structures. In this work, molecular modeling and bioinformatics were used for a comparative study of the homologous neuraminidases/ sialidases. A significant difference in the spatial disposition of the lectin domain and the catalytic domain in the Fig. 8 . The RMSD plots of the backbone atoms of (A) the lectin and (B) the catalytic domain (including the insertion domain) in the NanA's structure during 150 ns MD simulation at 300 K. (C) The RMSD plot of all backbone atoms across both lectin and catalytic domains in the joined NanA model; protein structure snapshots taken at different times were aligned by the catalytic domain (including the insertion domain). Gray dots correspond to the actual RMSD values, red lines correspond to average values calculated within a 400 ps time window. The plots were prepared using the R language. These RMSD plots correspond to the homology model of NanA which was based on the structure of NanB from S. pneumoniae (Fig. 7, A) . The results for other homology models were qualitatively the same.
structures of homologous NanA, NanB, and NanC was revealed. The interdomain contacts in NanB and NanC are stabilized by hydrogen bonds, salt bridges, and hydrophobic interactions leading to the formation of rigid globules. By contrast, simulations show that in NanA there is no effective interaction between domains and the lectin domain is spatially separated from the catalytic domain by a 16 amino acids long flexible region. This is probably the reason why the attempts to crystallize the full-size NanA failed, and individual domains can be easily isolated after trypsinolysis [21] . Indeed, the NanA's interdomain linker according to the PeptideCutter web-service [34] contains the trypsin cleavage sites (Fig. 4) .
Modular enzymes, that consist of several compact domains connected via flexible linkers, do occur in nature. Such a structural organization is not common, but can be found in proteins when conformational flexibility is required for a function. Many RNA-binding proteins (e.g., the RNA-editing enzyme ADAR2 and prokaryotic translation initiation factor IF3) were shown to possess modular structures which provide flexibility to functional domains and allow them to interact with particular sites in RNA molecules of varying length and structure [35, 36] . Most enzymes participating in plant cell wall degradation are modular enzymes, consisting of a catalytic domain attached by a flexible linker to the cellulose-binding domain (carbohydrate-binding module). The presence of the carbohydrate-binding module (CBM) allows enhancement of the effectivity of biocatalytic cellulose hydrolysis by increasing the effective enzyme concentration on the surface of the substrate [37] [38] [39] . E.g., the catalytic and carbohydrate-binding modules of Trichoderma reesei family 7 cellulase are connected by a 27 amino acid residues long flexible linker. CBM anchors the entire Fig. 9 . APBS-generated electrostatic contact surface between the catalytic (left) and lectin (right) domains in the initial homology models of NanA from S. pneumoniae after energy minimization and equilibration which were based on (A) NanB from S. pneumoniae; (B) Sialidase from T. rangeli; (C) Sialidase from V. cholerae (its N-terminal lectin domain). The APBS images for the NanA models which were based on NanC from S. pneumoniae and Trans-sialidase from M. decora were equivalent to (A), and based on sialidase from T. cruzi -equivalent to (B). The two domains were rotated 90°in opposite directions so that the contact surfaces can be viewed in one plane. The surface potential is colored from red (À2 kT) to blue (+ 2 kT). The images were generated using PyMol.
enzyme on the large cell wall surface, and the linker allows the catalytic domain to search for available cellulose reducing ends with an operating range up to 80 A [40] . Another protein which implements relative movement of its domains is the neuraminidase from nonpathogenic soil bacteria Micromonospora viridifaciens. The structure of this enzyme includes the galactose-binding domain attached to the catalytic domain by the linker domain [41] . The galactose-binding domain helps to capture the substrate and deliver it to the active site located in the catalytic domain, what requires a relative movement of the domains around a flexible pivot point created by a pair of adjacent glycine residues between the catalytic and linker substructures.
The lectin domain is known to play an important role in the functioning of bacterial neuraminidases. Similarly to CBM in cellulases, lectin domain in neuraminidases can lead the enzyme to sialic-rich surfaces of respiratory tract, bringing the catalytic domain closer to its substrates [28] . The presence of the lectin domain in structures of bacterial neuraminidases significantly increases catalytic efficiency toward polyvalent sialosides, suggesting that the catalytic and lectin domains interact simultaneously with different sialic moieties of branched polysaccharide substrates [17] . All three S. pneumoniae neuraminidases have a N-terminal lectin domain followed by a catalytic domain in their structures, and are secreted into the extracellular space, but only in NanA the catalytic domain is anchored to the bacterial cell wall by an additional membranophylic C-terminal domain [22] . The structural mobility data obtained from the MD simulations suggest that the NanA's lectin domain can stretch into the environment and operate within the full length of the interdomain linker (Fig. 10) to capture a remote substrate and thus attach the catalytic domain to the sialic acid-rich regions. Implementation of a flexible linker to connect the Nterminal lectin domain can be an evolutionary adaptation of NanA to overcome the limited mobility of the membrane-bound catalytic domain and extend substrate specificity of the enzyme toward large branched polysaccharide substrates. Fig. 10 . Orientation of domains in NanA's structure studied by molecular dynamics. (A) and (B) correspond to structure snapshots taken during a 150 ns MD simulation at 300 K. The lectin domain (blue) and the catalytic domain (green) including the insertion domain (wheat) do not form a rigid globule and are spatially separated by a flexible linker (yellow). The amino acid residues at the substrate-binding site of the lectin domain are colored in cyan (Phe167, Asp180, Tyr182, Thr193, Glu195, Arg197, Gln203, Asn209, Arg274, and Trp280, numbering according to PDB: 4ZXK), and the key active site residues of the catalytic domain are colored in magenta (Arg332, Asp357, Glu632, Arg648, Arg706, and Tyr737, numbering according to PDB: 2YA8). The images were generated using PyMol.
Crystallization of many multi-domain proteins has proven difficult, probably because the linker regions connecting the domains are flexible. The most prominent experimental solution was to crystallize isolated substructures. Recent advancements in computer technologies and software have increased the potential of computational biology at studying modular proteins and structural flexibility [42] [43] [44] . In this work, the GPU-accelerated molecular modeling was implemented to simulate a large biomolecular system of the bacterial NanA and characterize the modular organization of its catalytic and lectin domains. This structural adaptation can have important implications to protein's function and role in pathogenesis. Further studies of this enzyme are needed to understand the structure/function relationship and facilitate a search for modulators of its pathogenic role.
Materials and methods

Data collection
The substructures of NanA from Streptococcus pneumoniae are available in the PDB as separate files. The PDB entries PDB: 4ZXK and PDB: 2YA8 were selected in this study to represent the lectin domain and the catalytic domain (including the insertion domain) of NanA. The two domains are currently provided by 3 and 11 structures in the PDB database crystallized with different ligands, but otherwise are not significantly different -in particular, pairwise RMSD of the backbone of the selected structures PDB: 4ZXK and PDB: 2YA8 compared to other available structures is at most 0.506 A and 0.488 A, respectively (according to the SSM algorithm [45] ). The NanA's interdomain linker (16 amino acid residues), which connects the two individual substructures but is missing from the corresponding PDB files, was taken from the UniProtKB entry UniProt: P62575. The PDB entries PDB: 2JKB and PDB: 4YW2 were selected to represent the key homologs of NanA in the context of this study -NanB and NanC from Streptococcus pneumoniae. There are currently 37 and 11 structures corresponding to these two enzymes in the PDB database crystallized with different ligands but otherwise not significantly differentin particular, pairwise RMSD of the backbone of the selected structures PDB: 2JKB and PDB: 4YW2 compared with other available structures is at most 0.611 A and 0.618 A, respectively (according to the SSM algorithm [45] ). The structures of other neuraminidases/sialidases were selected by the bioinformatic analysis (see below). The substrate-binding site in the lectin domains and the key active site residues in the catalytic domains of NanA, NanB, and NanC were defined according to the literature [24, 25, 46, 47] .
Bioinformatic analysis of NanA's homologs
A combination of the bioinformatic structure and sequence comparison algorithms was implemented to select a representative set of all sialidases which have both lectin and catalytic domains similar to NanA's crystallized within the same protein globule [48] . The structures of the lectin domain and the catalytic domain (including the insertion domain) of NanA from Streptococcus pneumoniae were used as queries to independently run two structure similarity searches in the entire PDB database using the SSM algorithm [45] . The selection of hits in each search was based on the percentage of secondary structure equivalences -the target structure had to make at least 50% of the query structure. Only the proteins which were discovered by both searches (i.e., contained the lectin domain and the catalytic domain similar to NanA's within the same protein globule) were further considered. The selected proteins were ranked by the quality Q-score of a pairwise superimposition with the catalytic domain (including the insertion domain) of NanA, which is provided by the SSM algorithm, and similar proteins with the lower Q-scores were removed at the 95% sequence identity threshold [49] . The annotation of domains in protein structures was assigned according to the CATH classification and the literature [15, 27, 28, 50] . The lectin domain and the catalytic domain of NanA from Streptococcus pneumoniae were assigned to the CBM40 and GH33 families of the Carbohydrate-Active Enzymes (CAZy) classification [26] , respectively. The manual analysis of the CAZy database showed that the bioinformatic analysis was able to correctly identify all known sialidases which have a CBM40 lectin domain co-crystallized within one structure with a GH33 catalytic domain, and also collected proteins whose lectin domains are similar to NanA's but yet have not been classified into a particular CAZy family.
Modeling of the NanA's structure
The homology modeling based on the bioinformatic analysis of related neuraminidases/sialidases and the proteinprotein docking were independently used to predict the mutual orientation of the lectin domain and the catalytic domain (including the insertion domain) in NanA's structure.
The homology-based structure prediction was implemented to construct a set of models by fusing the NanA's domains as in the structures of evolutionary-related neuraminidases/sialidases (Fig. 1, Table 1 ). On the first step, the possible orientations of the lectin domain on the surface of the catalytic domain (including the insertion domain) of NanA were modeled according to the bioinformatic analysis. Structural alignment of individual NanA domains (i.e., PDB: 4ZXK and PDB: 2YA8; Fig. 1A ) with complete structures of each homolog was performed using the MATT software [51] . MATT searches for compatible pairs of fragments and permits structural allowances such as twists and translations. This program demonstrates good performance in aligning distant relationships and length variations [52] and therefore was implemented in this study to compare NanA with its remote evolutionary relatives. On the second step, each predicted orientation of the NanA's domains was submitted to the Modeller program [53] to connect the two substructures by the interdomain linker and resolve steric hindrances at the contact surfaces. In each case, two alternative ways to model the interdomain linker were implemented: as a free loop or with spatial restraints which forced the residues 306-310 (numbering according to PDB: 4ZXK) to form an a-helix according to the Jpred protein secondary structure prediction server [54] . For the orientation of NanA's domains based on the structures of trypanosomal sialidases, the third variant to model the linker was considered -the residues 308-322 (numbering according to PDB: 4ZXK) were forced into an a-helix according to the structural alignment with the helical part of the linker in the respective homologs (Fig. 1E,F) . For each orientation of the NanA's domains and each variant of the secondary structure organization of the linker, the Modeller program was used to predict 20 alternative structural variants, and the structural variant with best DOPE score [55] was selected, energyminimized, equilibrated, and studied by the APBS analysis and molecular dynamics as described below. All predicted molecular models of NanA from Streptococcus pneumoniae contained the N-terminal lectin domain, the interdomain linker, and the catalytic domain (including the insertion domain) within a single polypeptide chain. The C-terminal domain of NanA was not included in the models because its structure is available neither for NanA nor for any other homologous protein, and it is believed to play the role of a membrane anchor which is not involved in the catalytic function [47] . The results of the APBS analysis and MD simulation of NanA's models which differed in the initial secondary structure arrangement of the linker were qualitatively the same. Thus, each orientation of the NanA's domains predicted by the bioinformatic analysis is further illustrated with one arbitrarily selected variant of the linker (Fig. 7) .
In a separate development, the ZDOCK software [56] was implemented for the protein-protein docking of the two substructures of NanA. The PDB structures of the lectin domain and the catalytic domain (including the insertion domain), which did not contain the interdomain peptide linker (i.e., PDB: 4ZXK and PDB: 2YA8, Fig. 1A) , were independently energy-minimized, equilibrated, and then simulated for 250 ns in the FF14SB force field as described below. Six structural variants of each domain were collected from the MD trajectories with a 50-ns time step (i.e., at 0 ns, 50 ns, 100 ns, 150 ns, 200 ns, and 250 ns) and further used to run 36 protein-protein docking experiments (i.e., each of the six structural variants of the lectin domain was independently docked into each of the six structural variants of the catalytic domain). This procedure was then repeated, but this time the MD simulations were carried out in the FF15IPQ force field as described below. In total, 72 protein-protein docking experiments were conducted, and in each of these, the ZDOCK program suggested 10 different orientations of the lectin domain on the surface of the catalytic domain (including the insertion domain) for further evaluation, 720 complexes in total. The Modeller program was implemented to evaluate the ZDOCK predictions by checking whether the 16 amino acids long interdomain linker can connect the two substructures in the orientations suggested by docking, and the structural analysis by the PyMol Molecular Graphics program was used to check whether the substrate-binding site of the lectin domain (which includes amino acid residues Phe167, Asp180, Tyr182, Thr193, Glu195, Arg197, Gln203, Asn209, Arg274, and Trp280, numbering according to PDB: 4ZXK) and the active site of the catalytic domain (which includes amino acid residues Arg332, Asp357, Glu632, Arg648, Arg706, and Tyr737, numbering according to PDB: 2YA8) can bind a substrate. It was concluded that all 720 ZDOCK predictions were invalid from either structural or functional perspective -in the absolute majority of the suggested protein-protein complexes the substrate-binding site of one domain was blocked by the other domain, and in the remaining cases, the two substructures were beyond reach of the linker. Consequently, the ZDOCK suggestions were dismissed from further consideration.
Control experiment: the reverse homology modeling of NanB's and NanC's structures A control experiment was carried out to evaluate the homology-based structure prediction procedure described above. The obtained molecular models of NanA which contained the lectin domain and the catalytic domain (including the insertion domain) fused as in the complete crystallographic structures of NanB and NanC from Streptococcus pneumoniae (Fig. 7A,B) were used as templates for a reverse homology modeling of the respective sialidases. The complete structures of NanB and NanC were separated into two substructures corresponding to the lectin domain and the catalytic domain (including the insertion domain), independently energy-minimized, equilibrated, and then simulated for 50 ns. The finally obtained substructures of NanB and NanC were superimposed with the respective initial models of NanA (Fig. 7A,B) by the MATT structural alignment algorithm, then submitted to the Modeller program to join the polypeptide chains and resolve steric hindrances at the contact surfaces, and finally energy-minimized and equilibrated by the molecular dynamics. The MD simulations showed that the obtained homology models of NanB and NanC were stable under the same conditions that were used to evaluate the homology models of NanA (Fig. 11 , see the MD protocol below). We conclude that the described procedure for homologybased structure prediction and consequent optimization by the molecular dynamics can be used to model the complete protein structures from independent substructures of individual domains which have complementary contact surfaces.
Control experiment: reconstruction of a known interdomain interface by ZDOCK A control experiment was carried out to evaluate the ability of ZDOCK protein-protein docking algorithm to correctly predict a known interface between catalytic and lectin domains. The PDB structures of NanC from S. pneumoniae (Fig. 1C) , sialidase from T. rangeli (Fig. 1E) and sialidase from V. cholerae (Fig. 1G) were selected for the experiment and separated into two substructures: the catalytic domain (including the insertion domain) and the N-terminal lectin domain in case of NanC; the catalytic domain and the Cterminal lectin domain in case of sialidase from T. rangeli (i.e., the interdomain linker was removed); the catalytic domain (with the insertion lectin domain) and the N-terminal lectin domain in case of sialidase from V. cholerae. These substructures were independently energy-minimized, equilibrated, and then simulated for 50 ns (in the FF15IPQ force field, see the MD protocol below) to generate structural diversity. For each neuraminidase/sialidase, three conformational variants of each substructure were collected from the MD trajectories at 0 ns, 25 ns, and 50 ns and further used to run 9 protein-protein docking experiments (i.e., each of the three variants of the first substructure was independently docked into each of the three variants of the second substructure). Thus, for each protein 90 complexes of the respective two substructures were predicted. To evaluate the ZDOCK predictions, the same criteria were used as for the attempted docking of NanA's domains (see Modeling of the NanA's structure above), i.e., the Modeller program was implemented to check whether the two substructures can be connected in the suggested orientations (in cases of NanC and sialidase from V. cholerae the attempt was made to directly connect the lectin domain to the catalytic domain, and in case of sialidase from T. rangeli the 25 amino acids long interdomain linker was considered), and the structural analysis by the PyMol Molecular Graphics program was used to check whether the substrate-binding site of the lectin domain and the active site of the catalytic domain can bind a substrate. These filters were successfully passed by 5, 11, and 5 complexes out of 90 for NanC, sialidase from T. rangeli, and sialidase from V. cholerae, respectively. For reference, zero complexes out of 720 predicted by ZDOCK for the NanA's domains passed the same evaluation procedure. Further comparison of the obtained complexes with the respective full-size crystallographic structures of NanC, sialidase from T. rangeli, and sialidase from V. cholerae revealed that two conformations with RMSD 6
A, two conformations with RMSD 6
A, and one conformation with RMSD 1.25 A were correctly predicted by the ZDOCK in each case (RMSD values were calculated from the backbone atoms of lectin domain after aligning the predicted complex with the original PDB structure by backbone atoms of catalytic domain). These full-size models of sialidases which included both domains (and the interdomain linker -in case of sialidase from T. rangeli) were further studied by the molecular dynamics. The MD simulations showed that the obtained models were stable under the same conditions that were used to evaluate the homology models of NanA (Fig. 12 , see the MD protocol below). We conclude that the ZDOCK algorithm is capable of regenerating a known arrangement of domains by implementing a significantly less effort than used when attempting to dock the NanA's domains, thereby showing that its inability to generate a stable arrangement for NanA is significant. Fig. 11 . RMSD plots of the reverse homology models of NanB's (A) and NanC's (B) structures during 150 ns MD simulations at 300 K. RMSD was calculated from the backbone atoms of all domains; protein structure snapshots taken at different times were aligned by the catalytic domain (including the insertion domain). Gray dots correspond to the actual RMSD values, red lines correspond to average values calculated within a 400 ps time window. The plots were prepared using the R language.
Preparation of the models for the molecular dynamics simulation
The modified version of PDB2PQR v. 1.9.0 [57, 58] compatible with PROPKA v. 3.1 [59] was implemented to estimate pKa values of the ionizable groups and protonate them at the physiological pH, resolve steric hindrances, and optimize hydrogen bond network. The AmberTools package was used to parametrize the system in the selected Amber force field (the selection of force fields is discussed below). The initial models of sialidases were solvated in a cubic box so that the distance from any atom of the protein to the edge of the periodic cell was at least 12 A. For the homology models (i.e., the NanA's models and the reverse homology models of NanB and NanC) and the ZDOCK-predicted models of NanC, sialidase from T. rangeli, and sialidase from V. cholerae the size of the system was increased so that the distance from any atom of the protein to the edge of the cell was at least 30 A -to prevent artifacts in the periodic system, that is, to avoid interaction of the extending NanA molecule with its image in neighboring cells during the initial dissociation of the catalytic and lectin domains in the MD simulation.
Molecular dynamics simulation protocol
The protocol for classical MD simulation was adapted from L. Pierce et al. [60] . The initial systems were energy minimized in vacuum, then solvated as described above, and further energy minimized in water to remove steric clashes and promote complementarity between the two substructures in the homology models. Then, harmonic positional restraints of 3 kcalÁmol À1 Á A À2 were applied to all heavy atoms of the protein, and the system was heated from 0K to 300 K over the 500 ps in the NVT ensemble. Next, the system was equilibrated in the NPT ensemble at 300 K and constant isotropic pressure of 1 atm, and the positional restraints were gradually released from 3 to 0 kcalÁmol À1 Á A À2 in 13 steps (200 ps each). The density, temperature, and total energy plots clearly converged by the end of the equilibration period. The obtained system was used for a free (unconstrained) run in the NVT ensemble at 300 K. The duration of the free run was set to 150 ns for the homology models (i.e., the NanA's models and the reverse homology models of NanB and NanC) and the ZDOCK-predicted models of NanC, sialidase from T. rangeli, and sialidase from V. cholerae, and 500 ns for the crystallographic structures of neuraminidases/sialidases. A 10 A cut-off radius was used for range-limited interactions, and the Particle Mesh Ewald method was implemented for calculating electrostatic interactions in periodic systems [61] . The simulation time step was set to 2 fs. The Langevin thermostat was used during the free run to maintain the temperature at 300 K. Molecular dynamics calculations were performed using the GPU-implementation of the explicit solvent PME simulation method in AMBER [62] [63] [64] . The minimization, heating, and equilibration steps of each simulation were carried out on a locally installed GeForce GTX 980 Ti GPU accelerator, and the final production run was executed in MPI mode on four Tesla K40 units of a supercomputer.
The selection of force fields for molecular dynamics
All models of sialidases were parametrized and studied independently in two Amber force fields (FF14SB and FF15IPQ) and with two water models (TIP4P-EW and SPC/E b ) to evaluate the robustness of the modeling results at different MD setups.
The commonly used FF14SB force field [65] was implemented according to L. Pierce et al. [60] . The four-point TIP4P-Ew water model was used in this setup because it was previously demonstrated to better describe the Fig. 12 . RMSD plots of the models of NanC (A), sialidase from T. rangeli (B), and sialidase from V. cholerae (C) reconstructed by the ZDOCK protein-protein docking during 150 ns MD simulations at 300 K. RMSD was calculated from the backbone atoms of all domains; protein structure snapshots taken at different times were aligned by the catalytic domain (including the insertion domain). Gray dots correspond to the actual RMSD values, red lines correspond to average values calculated within a 400 ps time window. The plots were prepared using the R language.
rotational motion of proteins compared with the commonly used three-point TIP3P model [66] and was shown to reproduce the liquid properties of the solvent at the temperatures and pressures relevant to biology [67] . The size of corresponding protein systems based on crystallographic structures of neuraminidases/sialidases in a water box was 110 000-140 000 atoms, and the homology models in a solvent were worth 305 000-350 000 atoms (due to the increased periodic cell dimensions). The average speed of the production run on four Tesla K40 units of a supercomputer was 23-30 nsÁday À1 and 9-11 nsÁday À1 , respectively.
Recently, the FF15IPQ force field has been developed using the Implicitly Polarized Q scheme in an attempt to improve accuracy of the contemporary force fields (e.g., the FF14SB). It was noted that the FF15IPQ yields reasonable salt-bridge propensities, maintains secondary structures and globular protein folds during the long time scale simulations, and can be used to model the order and disorder in protein structures [68] . The atomic charges in the FF15IPQ were derived in the context of a recently developed threepoint SPC/E b water model that yields accurate rotational diffusion for proteins in a solution [69] . The size of corresponding protein systems based on crystallographic structures of neuraminidases/sialidases in a water box was 85 000-110 000 atoms, and the homology/ZDOCK models in a solvent were worth 230 000-275 000 atoms (due to the increased periodic cell dimensions). The average speed of the production run on four Tesla K40 units of a supercomputer was 34-45 nsÁday À1 and 13-16 nsÁday À1 , respectively.
The main conclusions from all MD simulations of sialidases in the context of this study were robust to the selection of force fields, that is, all NanA homology models eventually separated into the lectin domain and the catalytic domain (including the insertion domain) connected by the interdomain linker, and the models of the NanB, NanC, trans-sialidase from M. decora, sialidases from T. rangeli, T. cruzi, and V. cholerae maintained compact globules throughout the MD trajectories. Thus, for each model, the illustrations of molecular motion obtained in one arbitrarily selected force field setup are further shown. Given the equivalent outcomes, the significant difference in the speed of computer simulations can be noted, that is, the use of a three-point SPC/E b water model with FF15IPQ instead of a four-point TIP4P-Ew water model with FF14SB, leaving out a virtual site in each solvent molecule, decreases the total number of atoms in a periodic cell, decreases the complexity of electrostatic calculations, and thus affords 91.45-1.50 improvement in the speed of MD calculations on four Tesla K40 GPUs.
Analysis of hydrogen bonds and salt bridges
Hydrogen bonds and salt bridges between the lectin domain and the catalytic domain (including the insertion domain) of sialidases were detected using the 'HBonds' plugin to the VMD structural analysis software [70] . Hydrogen bonds were calculated between all main-chain and side-chain polar atoms, the cut-off distance was set to 3.5 A, and the cut-off for the donor-H-acceptor angle was set to 30°. Salt bridges were allowed between oxygen atoms of acidic residues (Asp and Glu) and the nitrogen atoms of basic residues (Lys, Arg, and His) within the cut-off distance of 3.5
A. An interdomain interaction between two residues was confirmed if the geometry criteria were met for at least 30% of the first 100 ns of the free simulation, and at least 30% of the last 100 ns of the free simulation (i.e., the corresponding bond was present at the beginning of the simulation and remained until the end of the simulation).
The Adaptive Poisson-Boltzmann Solver (APBS) electrostatic calculations
The models of neuraminidases/sialidases were separated into two substructures corresponding to the lectin domain and the catalytic domain (including the insertion domain, where available). Each substructure was independently submitted for the analysis by the APBS method [71] implemented in PyMol (The PyMol Molecular Graphics System, Version 1.8 Schr€ odinger, LLC).
